Abstract
phase in activated sludge through ion trapping in protozoa. In ion trapping, which has been 21 extensively investigated in medical research, the neutral species of amine-containing compounds 22 diffuse through the cell membrane and further into acidic vesicles present in eukaryotic cells such as 23
protozoa. There they become trapped because diffusion of the positively charged species formed in 24 the acidic vesicles is strongly hindered. We tested our hypothesis with two experiments. First, we 25 studied the distribution of the fluorescent amine acridine orange in activated sludge by confocal 26 fluorescence imaging. We observed intense fluorescence in distinct compartments of the protozoa, 27
but not in the bacterial biomass. Second, we investigated the distribution of twelve amine-containing 28 and eight control micropollutants in both regular activated sludge and sludge where the protozoa 29 had been inactivated. In contrast to most control compounds, the amine-containing micropollutants 30 displayed a distinctly different behavior in the non-inhibited sludge compared to the inhibited one: i) 31 more removal from the liquid phase; ii) deviation from first-order kinetics for the removal from the 32 liquid phase; and iii) higher amounts in the solid phase. These results provide strong evidence that 33 ion trapping in protozoa occurs and that it is an important removal mechanism for amine-containing 34 micropollutants in batch experiments with activated sludge that has so far gone unnoticed. We 35 Introduction structures and to be distributed across many therapeutic classes. 5, 6 Among these, aliphatic amines 48 with acid dissociation constants (pK a ) in the range of 7 to 10 are most abundant. 5 Their speciation 49 changes at environmentally relevant pH values, such that under rather acidic pH conditions aliphatic 50 amines are typically protonated and hence cationic, while they become deprotonated and hence 51 neutral at higher pH. In a previous study, we showed that, due to their basicity, amine-containing 52
MPs experience pH-dependent biotransformation in activated sludge communities. 7 Specifically, we 53 observed that removal of amines from the liquid phase proceeded faster at higher pH values, which 54 was explained by the fact that the neutral species can passively diffuse through the cell membranes, 55
were conducted with 12 amine-containing target MPs and eight control MPs with either neutral or 116 neutral-anionic speciation. 117
118

Materials and Methods
119
The following is a compendious presentation of the materials and methods; full details are given in 120 the Supporting Information (SI). 121
Micropollutant Selection
122
Altogether, experiments were carried out with 20 environmentally relevant MPs. The following 12 123 amine-containing MPs that undergo cationic-neutral speciation were selected as target compounds 124 (atenolol, ranitidine, venlafaxine, lidocaine, tramadol, levamisole, mexiletine, fenfluramine, 125 citalopram, propranolol, mianserin, ticlopidine) . Three MPs that undergo neutral-anionic speciation 126 (sulfathiazole, naproxen, trinexapac-ethyl) and five MPs that remain predominately neutral 127 (diethyltoluamide, alachlor, azoxystrobin, isoproturon, chlortoluron) were selected as control 128 compounds. Abbreviations (ID), chemical structures, and predicted pK a values are presented in Table  129 1. Additionally, separate experiments were conducted with the fluorescent amine acridine orange 130 (AO) also listed in Table 1 . 131 132 protozoa, the contribution of protozoic and bacterial processes, which could include both ion 161 trapping and biotransformation, could be differentiated. To verify that the addition of digitonin did 162 not affect other processes than the protozoic ones, experimental conditions (i.e., pH, total 163 suspended solids concentration, oxygen uptake rate, ammonia uptake rate, and nitrate formation 164 rate) were closely followed and compared between inhibiting and non-inhibiting conditions. (iii) To 165 differentiate ion trapping from biotransformation, the fate of the 12 target amines and the eight 166 Table S8 ). Therefore, this value was chosen as a threshold to judge 186 whether the fit deviated strongly from first-order kinetics under non-inhibiting conditions. 187
• Extracted amounts from the solid phase: Since the trapped MPs are expected to be 188 extractable from the solid phase along with the physically sorbed MPs, the extracted 189 amounts should be higher under non-inhibiting than under inhibiting conditions. The time 190 point with the maximal ratio between the extracted amounts from non-inhibiting and 191 inhibiting conditions (after correction for differing total suspended solids concentrations 192 under the two conditions) was used to evaluate this criterion. A ratio of >1.9 was selected as 193 being indicative of significant accumulation in sludge under non-inhibiting conditions. This 194 value was chosen because all compounds exhibited ratios of <1.9 in the recovery 195 experiments (see SI section S6.4 and Table S6 Heraeus). The thus resulting supernatants were combined, evaporated to dryness and reconstituted 213 in nanopure water. Additional blank and recovery tests were conducted for the solid phase 214 measurements. Additionally, sorption control experiments with autoclaved activated sludge and 215 abiotic control experiments with autoclaved sludge filtrate were conducted. MPs were analysed by 216 means of reversed-phase liquid chromatography coupled to a high-resolution quadrupole Orbitrap 217 mass spectrometer (Qexactive, Thermo Scientific) (a detailed description of the analytical method is 218 given in Chapter S3).
7 Finally, another set of biotic reactors were run to measure specific 219 experimental conditions, including pH, oxygen uptake rate, ammonia uptake rate, nitrate formation 220 rate, and total suspended solids concentration. Figure 3 . Calculated rate constants and sorption coefficients are given in Table  265 2, Table S7, and Table S8 . According to the results of the control experiments, sorption and abiotic 266 transformation were not affected by the addition of digitonin. The data also showed that abiotic 267 transformation was of minor relevance and could be neglected. Results on the three criteria that 268
were assessed to compare the behavior of the MPs under non-inhibiting and inhibiting conditions are 269 presented in Table 2 , namely concentration levels in liquid phase (as difference between mean 270 concentrations), removal kinetics in the liquid phase (as R 2 of the linear fit to the logarithmized 271 concentrations), and extracted amounts from the solid phase (as maximal ratio of extracted 272 amounts). Additionally, plots of the logarithmized concentrations against time, including linear fits 273 and residual plots, are given in Figures S31-S50 . 274
Based on their behavior in the bioreactor experiments, we could classify the MPs into three groups, 275 whereby two compounds were judged exceptions. Control group I included SUL, NAP, TRI, DET, and 276 ALA, control group II included AZO, ISO, and CLT, and the target group included all amines (RAN, VEN, 277 LID, TRA, LEV, MEX, FEN, CIT, PRO, and MIA) except for the two exceptions ATE and TIC. In the 278 following, these groups will be discussed separately. In Figure 3 , we present plots of concentration as 279 function of time for at least one representative of each group. 280
Control group I. The five compounds of control group I could not be trapped in acidic vesicles due to 281 their speciation characteristics, which are neutral-anionic for SUL, NAP, and TRI, and neutral for the 282 two compounds DET and ALA. Therefore, only biotransformation and sorption remained as possible 283 removal processes, whereby the data showed that the latter was of minor relevance. As can be seen 284 in Figure 3a for TRI and in Table 2 for all five compounds, the deactivation of the protozoic 285 community did not affect the removal of these compounds, since no significant difference in 286 concentration-time courses was observed under non-inhibiting and inhibiting conditions, and 287 removal from the liquid phase followed first-order kinetics under both conditions. This indicates that 288 protozoic biotransformation was not relevant for these MPs and that the main removal process, 289 namely bacterial biotransformation, was not affected by the addition of digitonin. 290
Control group II. For the three fully neutral compounds AZO, ISO, and CLT of control group II, ion 291
trapping could also be excluded as removal process, and sorption, too, was shown to be negligible. 292 Therefore, only bacterial and protozoic biotransformation remained as potentially relevant 293
processes. This matched the observation that their removal followed first-order kinetics under both 294 conditions and that the extracted amounts from the solid phase were not significantly different 295 between conditions. However, as can be seen from the concentration levels in the liquid phase (for 296 AZO see Figure 3b ; for ISO and CLT see Figures S17 and S18, respectively) biotransformation was 297 affected by the addition of digitonin. This was supported by the concentrations of the two TPs AZOA 298 and NISO, which were both formed in higher amounts under non-inhibiting conditions. The 299 difference in TP formation between the two conditions was most pronounced for AZOA, which was 300 formed quantitatively from AZO under non-inhibiting conditions, yet was not formed in significant 301 amounts under inhibiting conditions. Since it can be assumed that digitonin did not affect the 302 bacterial activity, 20 which is supported by our measurements of the experimental parameters and the 303 results for control group I, we conclude that AZO, ISO, and CLT were removed from the liquid phase 304 through biotransformation by protozoa. Interestingly, a common characteristic of all three 305 compounds is that they possess a hydrolysable moiety (i.e., carboxylic acid ester and urea groups). At 306 the same time, lysosomes, which are one type of acidic vesicles present in eukaryotic cells, are 307 known to harbor different degradative enzymes that belong to the acid hydrolase family. 25 Based on 308 our results, we thus speculate that AZO, ISO, and CLT are biotransformed to a significant extent by 309 hydrolases contained in protozoic lysosomes. 310
Target group. For all amine-containing MPs, except for ATE and TIC, which will be discussed 311 separately, measured amounts in the liquid phase were significantly lower under non-inhibiting than 312 under inhibiting conditions, which indicates that protozoa were very important for the removal of 313 amines from the liquid phase. Furthermore, the clear deviation from first-order kinetics and the 314 higher extracted amounts from the solid phase in the non-inhibited sludge compared to the inhibited 315 sludge (Table 2) clearly pointed towards ion trapping being the important protozoic removal process. 316
MPs that were also removed under inhibiting conditions followed a first-order removal process 317 (Table S8 and Figures S31-S50 ), indicating that bacterial biotransformation was the relevant removal 318 process for them under conditions where protozoa were inhibited. 319 Figure 3c . Of those, the behavior of VEN and TRA is most easily interpreted (see Figures S21  345 and S23, respectively). In both cases, the amounts of TPs formed were minor under both conditions 346 and hardly any removal of the parent compounds was observed under conditions where protozoa 347 were inhibited. It can be concluded that these two compounds were hardly biotransformed at all and 348 that the observed disappearance of the parent compounds from the liquid phase of the non-349 inhibited sludge was almost exclusively due to ion trapping. This is also supported by the larger 350 amounts of parent compounds extracted from the solid phase of the non-inhibited sludge relative to 351 the inhibited sludge (i.e., ratios of 4.0 at 24 h and of 3.0 at 72 h for TRA and VEN, respectively), and 352 Findings for LID, FEN, LEV and MEX are similar to those for VEN and TRA, yet more bacterial 355 biotransformation was observed for these compounds as they were still removed in inhibited sludge 356 and did so following first-order kinetics. While, for LID, consideration of the two quantified TPs, 357 namely NLID and LINO, yielded a closed mass balance (see Figure S22) , this was not the case for FEN, 358 LEV and MEX (see Figures 3c, S24, and S25, respectively) . For the latter three compounds, the sum of 359 all species in the bioreactors decreased over time, which was most likely due to the fact that the 360 quantified TPs were not stable, but transformed further during the course of the experiment. This 361 also seemed to be the case for the more strongly sorbing compounds CIT, PRO, and MIA. 362 TP analysis additionally provided some evidence that biotransformation proceeded faster under 363 inhibiting conditions than under non-inhibiting conditions for some of the compounds that 364 underwent bacterial biotransformation. For FEN and MIA, for instance, their respective TPs NFEN and 365 MINO are formed in considerably larger amounts in the inhibited case (see Figures 3c and 3d , 366 respectively). This seems consistent with our hypothesis that under inhibiting conditions more parent 367 compound is available for biotransformation than under non-inhibiting conditions where a large 368 fraction of the parent is trapped in protozoa. However, there were also compounds, e.g., LID and CIT 369 (see Figures S22 and S27, respectively) , for which formation of TPs was less affected by the inhibition 370 of the protozoa. Finally, for RAN, for which the amount in sludge could not be quantified but whose 371 behavior was consistent with ion trapping with respect to the other two criteria, the formation of the 372 major TP RASO was even faster in the non-inhibited sludge. This suggests that in the case of RAN (see 373 Figure S20 ), similarly to the control compounds in control group II, biotransformation was to some 374 extent directly affected by the addition of digitonin, likely because protozoic biotransformation was 375 also relevant for this MP. 376
For the strongly sorbing amines CIT, PRO, MIA (see Figures S27, S28, and 3d, respectively) and to 377 some extent also for LEV and MEX, plots of measured amounts as a function of time deviated from 378 those of the previously discussed amines. The extracted amounts from the solid phase of the non-379 inhibited and the inhibited sludge were almost the same. No significant difference of the maximal 380 ratios of extracted amounts was observed for PRO at all time points, and for CIT and MIA at the first 381 two time points (i.e., ratios of 1.4 for CIT and MIA at 4 h, and 1.5 for CIT and 1.7 for MIA at 24 h). Yet, 382 the data clearly show that the extracted amounts of CIT and MIA from the non-inhibited sludge 383 remained fairly constant over the course of the experiment, while those extracted from the inhibited 384 sludge decreased with time (ratios of 2.9 for CIT and 3.9 for MIA at 72 h). This suggests that under 385 inhibiting conditions most of the compounds extracted from the solid phase were reversibly sorbed 386 and consequently equilibrated with the dissolved fraction, which was available for 387 biotransformation. In contrast, under non-inhibiting conditions, most of the extracted compounds 388 came from the trapped compound pool, which was not available for biotransformation. For MIA, this 389 explanation is consistent with the observed increased formation of its TP MINO under inhibiting 390 conditions. Overall, these observations suggest that for the strongly sorbing amines, ion trapping, 391 reversible sorption, and biotransformation were happening very readily and on similar time scales. 392
The two major exceptions with respect to the typical patterns observed for amines are ATE and TIC 393 (see Figures S19 und S30, respectively) . While ATE showed very little sorption to sludge, TIC was the 394 most strongly sorbing amine studied here. Neither of them showed a clear difference in the 395 concentration-time plots between non-inhibiting and inhibiting conditions (see Table 2 ), indicating 396 that ion trapping did not occur to any relevant extent. While the reasons for these findings remain 397 largely elusive, it is noteworthy that the two compounds exhibited the fastest biotransformation rate 398 constants under inhibiting conditions of all amines studied (Table 2 ). For ATE, its TP ATAC, which is 399 known to be formed through enzyme-catalyzed hydrolysis, 26 was formed nearly quantitatively, 400
confirming ATE removal to be due to biotransformation. Based on these findings, it could be 401 hypothesized that ATE and TIC were transformed so readily in the cells' cytosol that no significant 402 trapping occurred. 403
All in all, the data from imaging experiments with acridine orange as well as from experiments with 404 amine-containing MPs in activated sludge with and without inhibition of protozoa provide strong 405 evidence that ion trapping of amine-containing MPs occurs in the acidic vesicles of protozoic 406 eukaryotes present in activated sludge. Furthermore, the experiments with the control MPs also 407 indicated that protozoic biotransformation is relevant for some MPs, such as AZO, ISO, CLT, and RAN, 408 whereas bacterial ion trapping seemed to be of minor importance in the activated sludge used in our 409 experiments. 410
411
Additional experimental evidence for ion trapping
412
Beyond the experiments described in detail here, results from our previous research on amines in 413 activated sludge provide evidence for other characteristics of the ion trapping process. First, the 414 extent of trapping has been described to increase with elevated extracellular pH levels. 12 We have 415 observed and described an increase in removal rate constants of amine-containing MPs with 416 increasing pH in previous experiments conducted at pH 6, 7 and 8. 7 While the observation was 417 correctly interpreted as being due to the difference in membrane permeability of the cationic and 418 neutral species of the amines, we most likely incorrectly attributed the observed loss of the amines 419 to biotransformation only. Based on the findings presented here and the fact that, also in the 420 previous study, the removal kinetics did not always follow first-order kinetics (e.g., for PAR, MIA, ORP 421 and PYR in 7 ), we now assume that at least part of the observed, pH-dependent removal in the 422 previous study was also due to ion trapping. 423 Second, it is known that the vitality of the cells influences their trapping capacity. 9, 27, 28 This is related 424 to the fact that the maintenance of the low pH level in the acidic vesicles is an active mechanism 425 consuming energy. In stressed cells, energy supply is limited, which reduces the trapping capacity of 426 the acidic vesicles. In our previous work, we have observed decreased disappearance of the studied 427 amines from the liquid phase under conditions where the reactors were stirred with magnetic 428 stirrers 7 as compared to when sludge suspension was maintained by shaking 10 only. Stirring of the 429 sludge affects the intactness of the sludge flocs by exerting mechanical stress. This might negatively 430 affect the protozoa, which need intact sludge flocs to attach to. However, since our data allows this 431 comparison for amine-containing MPs only, it remains unclear which effect stirring or shaking has on 432 other removal processes such as bacterial biotransformation. 433
Finally, it has been shown in mammalian systems that the trapping capacity of the acidic vesicles can 434 be saturated. 29 Thus, if mixtures of several positively ionizable compounds are present, their total 435 concentration might exceed a saturation threshold, leading to less trapping for each of them than if 436 present individually. In our previous study 10 , amines were spiked individually into bioreactors or in a 437 mixture of ten. As can be seen from the measured concentrations given in the supporting 438 information of that paper, concentration levels in the liquid phase were higher when the mixture was 439 spiked than when the compounds were spiked individually (e.g., differences are most pronounce for 440 VEN, LID and PHE). This confirms that the saturation of the acidic vesicles also occurs within the 441 protozoic cells of the activated sludge community. 442
443
Implications
444
Taken together, the results of this study and previous experimental observations provide strong 445 evidence that ion trapping is an additional, important removal mechanism in batch experiments with 446 activated sludge for a highly prevalent class of MPs, i.e., aliphatic amines, that has so far gone 447 unnoticed. As a consequence, it has often been misinterpreted as biotransformation by researchers 448 studying the fate of amines in activated sludge, including ourselves. 7, 10, 30, 31 Here, we provide a 449 mechanistic understanding of the ion trapping process, which we observed to occur for a range of 450 aliphatic amines with pK a values between 7 to 10 and lipophilicities ranging between log P of 0.4 and 451 4.2. We also briefly discuss the influence of different experimental factors on the observation of ion 452 trapping during batch experiments, which should enable recognition and correct interpretation of 453 this removal process in future studies. 454
Beyond demonstrating a novel removal mechanism in batch experiments with activated sludge, our 455 observations trigger a number of follow-up questions that are relevant for different scientific fields 456
